Introduction
Disruption of ionic homeostasis, including enhanced influx of Na + and Ca 2+ and efflux of K + (Hansen 1985; Jiang and Haddad 1991; Friedman and Haddad 1994a; Mu¨ller and Somjen 2000a, 2000b; Martinez-Sanchez et al. 2004) , has been generally regarded as an initial and key alteration in anoxia/ischemiainduced neuronal injury. Among cellular ions, K + is the most abundant cation in the cytoplasm, and its sharp efflux has been shown to be closely associated with anoxia-induced depolarization, which is believed to be a crucial factor leading to neuronal death (Hansen 1985; Yu et al. 1997 Yu et al. , 1999 Lauritzen et al. 2003; Liu et al. 2003; Wei et al. 2003; Yu 2003; Remillard and Yuan 2004) . For example, sustained exposure to elevated extracellular K + (simulating ischemic extracellular K + ) causes significant neuronal death even under conditions of normoxia and abundant glucose supply (Takahashi et al. 1999) , whereas blockade of K + efflux has been shown to attenuate hypoxiaand ischemia-induced neuronal death (Huang et al. 2001; Liu et al. 2003; Wei et al. 2003) . These findings suggest that maintaining cellular K + homeostasis and inhibiting excessive K + fluxes may be of therapeutic benefit in the treatment of stroke and related neurodegenerative conditions (Liu et al. 2003; Wei et al. 2003) .
Our previous studies have demonstrated that activation of d-opioid receptor (DOR) is neuroprotective against hypoxic and excitotoxic insults (Zhang et al. 2000 (Zhang et al. , 2002 (Zhang et al. , 2006 . Others have also shown similar findings regarding neuroprotection against stress via DOR (Borlongan et al. 2004; Lim et al. 2004; Narita et al. 2006) , suggesting that DOR plays an important role in neuronal survival during hypoxic/ischemic stress.
On exploring the underlying mechanisms, we demonstrated for the 1st time that DOR activation attenuates hypoxic and ischemic disruption of K + homeostasis (Chao et al. 2006 (Chao et al. , 2007a (Chao et al. , 2007b , that is, the massive K + leakage that occurs in neurons in response to hypoxia/ischemia and triggers neuronal apoptosis and death (Yu et al. 1997 (Yu et al. , 1999 Liu et al. 2003; Wei et al. 2003) . Our data also show that activation of DOR significantly inhibited disruption of K + homeostasis induced by anoxic and ischemic conditions, whereas inhibition of DOR completely blocked the DOR effect on anoxic disruption of K + homeostasis (Chao et al. 2007b ). Moreover, we observed that in acute hypoxic/ischemic stress, absence of extracellular Ca 2+ resulted in a significant attenuation of the anoxia-induced disruption of K + homeostasis in the cortex, and the DOR protection from anoxic K + derangement in the cortex was partially mediated via an inhibition of hypoxia-induced increase in Ca 2+ entry--Ca
2+
-activated K + (BK) channel activity (Chao et al. 2007a ). Many ionic factors may contribute to the onset and degree of the disruption of K + homeostasis. The sum total of anoxic K + efflux results from several components related to different mechanisms. At present, it is unknown whether the DOR protection from anoxic K + leakage is dependent on multiple mechanisms or solely on the inhibition of the Ca 2+ -based component. Because Na + influx is a major event accompanying the K + derangement in response to hypoxic/ischemic stress (M} uller and Somjen 2000a, 2000b) , we asked whether the DOR protection is related to the regulation of the Na
We previously observed that DOR downregulation (Zhao et al. 2005 ) is associated with Na + channel upregulation (Xia et al. 2003) and DOR activation attenuates hypoxic dysregulation of Na + channels (Xia et al. 2001 
Slice Preparation
Slices of the frontoparietal cortex were prepared as described in our previous studies (Chao et al. 2007a (Chao et al. , 2007b . Transverse cortical slices (400 lm) were cut from the brains of 24 to 32-day-old mice on a vibrotome containing carbogen (95% O 2 , 5% CO 2 )-saturated ice-cold standard ACSF. Slices were then transferred to an incubation holder placed in a beaker containing 150 ml ACSF vigorously aerated with carbogen at~35°C. Standard ACSF consisted of (in millimoles / liter) NaCl 125, KCl 3.1, NaHCO 3 26, CaCl 2 2.4, MgSO 4 1.3, NaH 2 PO 4 1.25, and D-glucose 10 at pH 7.4. After an equilibration period of at least 90 min in carbogen-saturated ACSF at~35°C, slices were used for recording. The recordings were made in the outer layer (corresponding to layer II and III) of the cortex.
Induction of Anoxia in Cortical Slices
A slice was transferred to the recording chamber (Model RC-22C, Warner Instrument Co., Hamden, CT), which was perfused with carbogen-saturated ACSF (35.5 ± 0.5°C) with a flow rate of~3 ml/min.
Slices were completely submerged 0.5--1 mm below the ACSF surface in the tissue chamber and kept under normoxic conditions for at least 15 min at~35.5°C before experimental measurements were taken. Anoxia was induced by switching from the control superfusate (95% O 2 , 5% CO 2 ) to 1 continuously bubbled with 95% N 2 and 5% CO 2 . Each slice was subjected to a single period of anoxia that continued for about 1.5 min after the onset of anoxic depolarization (as assessed by a rapid increase in extracellular [K + ] that usually occurs within 10 min after the onset of anoxia) or for a period of 20 min if anoxic depolarization did not occur.
Measurements of Extracellular Potassium
]e) were measured using K + -sensitive microelectrodes. K + -sensitive microelectrodes were prepared as described previously (Chao et al. 2007a (Chao et al. , 2007b . Glass capillarypulled electrodes were silanized by exposure to N-(trimethylsilyl)dimethylamine and baked at about 180°C for at least 2 h. The microelectrode tips were then broken back to~2 lm. The internal filling solution (10 mM KCl) was injected from the back into the electrode. A column of optimized membrane phase (5% weight valinomycin, 2% potassium tetrakis(p-chlorophenyl)borate, and 93% 2,3-dimethylnitrobenzene, with height about 2 mm) was sucked into the microelectrode tips. The reference electrode was a Ag/AgCl bridge electrode embedded in 2% agar in 3 M KCl. Calibrations were carried out by detecting the responses generated in KCl solutions (1, 3.1, 5, 10, 20, 40, 80, 100, and 160 mM) After recording of a stable baseline for at least 5 min, the slices were subject to experimental treatments. The electrophysiological recordings were continuously performed at least 75 min. Because K + homeostasis, including the resting and hypoxia-altered levels of extracellular K + in the brain slices, has been well described previously (Jiang and Haddad 1991; M} uller and Somjen 2000a, 2000b) ,we focused, in this work, on relative changes in extracellular K + in cortical slices under stress with/without drug administration with all recordings being performed in the exact same conditions.
Low-Na + Condition and Drug Administration
Either equimolar NMDG + or LiCl was used as a substitute to lower Na + (NaCl) in ACSF to a desired concentration (low-Na + ACSF). For the former (NMDG + as a substitute), solution was titrated to pH 7.4 with 10 M HCl.
The low-Na + condition was provided to cortical slices by switching from standard ACSF to low-Na + ACSF for 20 min before induction of anoxia and continued to the end of anoxic induction, which was controlled by a 6-channel valve-controlled solution perfusion system (Model VC-6, Warner Instrument Co.). Drugs were applied simultaneously under low-Na + conditions.
Statistics
All data are expressed as mean ± standard error of the mean and the number of experiments (n) refers to the number of slices investigated.
To ensure the independence of data, no more than 3 slices from the same mouse were used in the same experiments. To assess the significance, 2-tailed, unpaired Student's t-test was used for comparison of 2 experimental groups, and 1-way analysis of variance followed by Newman--Keuls test was used for multiple pairwise tests. Changes were identified as significant if the probability value was <0.05. (control, n = 11). Anoxia induced a dramatic K + derangement characterized by an abrupt and large increase in extracellular potassium within 10 min of anoxia with an undershoot during reoxygenation ( Fig. 1) , which was the same as in our previous observations (Chao et al. 2007a (Chao et al. , 2007b .
Results

Effect of Low-Na
To investigate the contribution of extracellular Na ]max was attenuated by 45.6 ± 7.9% (P < 0.001 vs. control), the latency of response to anoxia was prolonged by 92.8 ± 12.6% (P < 0.001), and the rate of rise of [K + ]e from latency to peak decreased by 43.4 ± 12.1% (P < 0.05) (n = 15) (Fig. 1) .
Moreover, the undershoot tended to decrease (Fig. 1) though the difference was not statistically significant yet (P = 0.06) as compared with control. At 90 mM of external Na + , the anoxic responses were further attenuated with all 4 parameters being changed significantly (Fig. 1) . Anoxic increase in [K + ]max decreased from 33.97 ± 1.85 mM in the control to 7.10 ± 1.09 mM in 90 mM of external Na + (P < 0.001), with a significantly prolonged latency of response to anoxia (85 ± 6 s vs. 36 ± 4 s in the control, P < 0.001) and a significant decrease in the rate of rise of [K + ]e from latency to peak (0.009 ± 0.004 mM/s vs. 0.068 ± 0.009 mM/s in the control, P < 0.001) (n = 14). The potassium undershoot also decreased significantly during reoxygenation (P < 0.01) (n = 14). In addition, a significant delay in peak increase in [K + ]e (% of control T max ) was observed in the group of 90 mM external Na + (Fig. 1I ) (n = 14). In general, there was a concentration-dependent attenuation of anoxic K + derangement in response to lowering Na + concentration (Fig. 1 a short period of anoxia (4.3 ± 1.6 min vs. 9.3 ± 1.1 min of anoxia in normal Na + concentration, P < 0.05) was sufficient to induce a major increase in extracellular K + with a prolongation of the latency of response to anoxia (P < 0.05, n = 11) (Fig. 2) . However, the anoxia-induced increase in maximal [K + ]e was not significantly different from that of the control (P > 0.05, n = 11). Also, both the rate of rise of [K + ]e to peak and the undershoot during reoxygenation were not attenuated at all by the low-Na + perfusion. Instead, they significantly increased (P < 0.01 vs. control; P < 0.05 vs. control, respectively, n = 11) (Fig. 2) . -induced change in extracellular activity (n = 7), similar to the changes induced by anoxia. After at least 30-min recovery in normoxia and perfusing the slices with carbongen-saturated standard ACSF, the Li + -substituted low-Na + ACSF repeatedly induced the same response (Fig. 2E ).
With this low-Na + ACSF, anoxia induced an increase in [K + ]e within 2 min (Fig. 2E) ). Both the anoxia-induced increase in the rate of rise of [K + ]e to peak and potassium undershoot during reoxygenation were not attenuated at all (n = 11). Instead, they were potentiated by the Li + -substituted low-Na + perfusion (P < 0.01 vs. control, P < 0.001 vs. NMDG + ; P < 0.05 vs. control, P < 0.001 vs. NMDG + , respectively) (n = 11) (Fig. 3) . Furthermore, the anoxic peak [K + ]e was observed about 2.2 times earlier in the Li + -substituted low-Na + perfusion than in the NMDG + -substituted low-Na + perfusion (P <0.05 vs. control, P < 0.01 vs.
NMDG + ) (Fig. 3) . The only similarity between the NMDG + and Li + substitution was that they both prolonged the latency of response to anoxia (P < 0.001, NMDG + vs. control and P < 0.05, Li + vs. control). However, the prolongation of the latency of . Perfusion of 120 mM Na þ ACSF with UFP 512 (1 lM) had no appreciable effect on anoxic K þ derangement in cortical slices.
response to anoxia was more pronounced in the case of NMDG + (n = 15) than Li + (n = 11) (P < 0.05). These data suggest that the DOR-induced protection against the anoxic K + responses in cortical slices was largely abolished by low-Na + perfusion.
Discussion
The major findings of the present work are that in mouse cortical slices, 1) there was a concentration-dependent attenuation of anoxic K + derangement in response to lowering -Sanchez et al. 2004; Sheldon et al. 2004) . Despite the well-established role of Na + and Ca 2+ (Friedman and Haddad 1994b; Probert et al. 1997; Hasbani et al. 1998; Breder et al. 2000) , K + efflux also plays an important role in the neuronal death that occurs in various conditions including hypoxia/ ischemia (Yu et al. 1997 (Yu et al. , 1999 Yu 2003; Huang et al. 2001; Liu et al. 2003; Wei et al. 2003) . For instance, activation of ionotropic glutamate receptors, even when inward cation influx is decreased by lowering extracellular Na + and Ca 2+ , induced a large outward K + current; this caused loss of about 50--80% intraneuronal K + and led to great shrinkage of cell body and consequently neuronal apoptosis (Yu et al. 1999; Xiao et al. 2001) . Blockade of excessive K + efflux through K + channels and from the intracellular compartment attenuates hypoxiaand ischemia-induced neuronal death (Huang et al. 2001; Liu et al. 2003; Wei et al. 2003) , suggesting that inhibition of K + fluxes and maintaining cellular K + homeostasis may be of therapeutic benefit in the treatment of stroke and related neurodegenerative conditions (Liu et al. 2003; Wei et al. 2003) . Therefore, the DOR attenuation of K + leakage is a protective strategy against neuronal injury in the cortex. and lower neuronal excitability because of a reduction of driving force for inward sodium current during anoxia (Calabresi et al. 1999; Sheldon et al. 2004) . As a result, it may 1) inhibit K + leakage via Na schetti et al. 2003) ; 2) attenuate anoxic increase in excitability and action potential; 3) reduce energy consumption for the maintenance of Na + and K + equilibriums; 4) delay or minimize the opening of K ATP channels; and 5) decrease glutamate release from reversed glutamate transports and presynaptic membrane (Camacho and Massieu 2006; Rojas et al. 2007 ), all of which contribute to K + efflux in pathophysiological conditions such as hypoxia/ischemia (Yu et al. 1997 (Yu et al. , 1999 M} uller and Somjen 2000a, 2000b; Lopachin et al. 2001; RaleySusman et al. 2001; Xiao et al. 2001; Bhattacharjee and Kaczmarek 2005) . Indeed, it has been demonstrated that when Na + is replaced with membrane impermeable reagents (e.g., NMDG + ), neuronal membrane becomes less depolarized during ischemia and hyperpolarized in N-methyl-D-aspartate (NMDA) receptor activation and the glutamate-elicited K + efflux occurs at a much lower rate and only in the presence of Ca 2+ (Calabresi et al. 1999; Kiedrowski 1999 1972; Hemsworth et al. 1997; Nikolakopoulos et al. 1998; Franceschetti et al. 2003; Montezinho et al. 2004; Nikolaeva et al. 2005) . Because of a reduction in driving force for inward sodium current, lowering external Na + and substitution with Li + may reduce anoxia-induced Na + influx, similar to that with NMDG + . This may greatly attenuate the increase in K Na channel activity. Indeed, it has been demonstrated that Li + has no direct effect on K + channels activated by increased intracellular Na + concentration (Bischoff et al. 1998; Franceschetti et al. 2003) although it can permeate Na + channels (Hille 1972; Nikolakopoulos et al. 1998; Franceschetti et al. 2003; Nikolaeva et al. 2005 ). However, Li + gradually depolarizes membrane potential (Grafe et al. 1983; Kiedrowski 1999; Franceschetti et al. 2003) , broadens action potential (Mayer et al. 1984; Colino et al. 1998) , positively shifts afterpotential (Franceschetti et al. 2003; Liu and Leung 2004) , and progressively potentiates the high-frequency firing (Franceschetti et al. 2003) . Moreover, Li + also presynaptically enhances excitatory synaptic transmission (Grafe et al. 1983; Evans et al. 1990; Colino et al. 1998) . All these effects could lead to an increase in K + efflux, which counteracts the potential decrease in Na + -dependent K + efflux (through K Na channels and by ATP depletion-induced inhibition of Na + --K + ATPase) with low external Na + during hypoxia. All these mechanisms can (Thomas et al. 1975; Grafe et al. 1982; Nikolakopoulos et al. 1998) . As a result, the activity of the Na We have shown that in the presence of standard ACSF, DOR activation greatly attenuates anoxia/oxygen--glucose deprivation-induced disruption of K + homeostasis in the cortical slices (Chao et al. 2006 (Chao et al. , 2007a (Chao et al. , 2007b A potential mechanism that could explain our finding is that DOR may inhibit excessive Na + entry and thus reduce cellular excitability and action potential during anoxia. Indeed, electrophysiological evidence has suggested that activation of DOR depresses both spontaneous and stimulus-evoked action potential discharge as well as the amplitudes of stimulusevoked excitatory postsynaptic potentials/currents of neocortical neurons (Stanzione et al. 1989; Tanaka and North 1994; Ostermeier et al. 2000) . Such depression may decrease K + leakage because of a decrease in the Na + -based action potentials (M} uller and Somjen 2000a, 2000b; Raley-Susman et al. 2001; Lopachin et al. 2001 , promotes the generation of action potential (Grafe et al. 1983; Kiedrowski 1999; Franceschetti et al. 2003) . This is very likely because DOR signals target excessive Na + but not Li + influx. This conclusion was further supported by our recent observations showing that blocking Na + entry through Na + channels and glutaminergic NMDA receptors abolished DOR attenuation on anoxic K + derangement.
The DOR-mediated reduction of Na + entry might lead to an attenuation of K Na channel activity and other Na current (Toselli et al. 1997 (Toselli et al. , 1999 Adams and Trequattrini 1998; Acosta and Lo´pez 1999) 
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